Bona fide apoptosis in rat and human leukemia cells, rat thymocytes, and bovine endothelial cells was accompanied by limited and specific cleavage of polysome-associated and monosome-associated 28S rRNA, with 18S rRNA being spared. Specific 28S rRNA cleavage was observed in all instances of apoptotic death accompanied by internucleosomal DNA fragmentation, with cleavage of 28S rRNA and of DNA being linked temporally. This indicates that 28S rRNA fragmentation may be as general a feature of apoptosis as internucleosomal DNA fragmentation and that concerted specific cleavage of intra-and extranuclear polynucleotides occurs in apoptosis. Apoptosis-associated cleavage sites were mapped to the 28S rRNA divergent domains D2, D6 (endothelial cells), and D8. The D2 cuts occurred in hairpin loop junctions considered to be buried in the intact ribosome, suggesting that this rRNA region becomes a target for RNase attack in apoptotic cells. D8 was cleaved in two exposed UU(U) sequences in bulge loops. Treatment with agents causing necrotic cell death or aging of cell lysates failed to produce any detectable limited D2 cleavage but did produce a more generalized cleavage in the D8 region. Of potential functional interest was the finding that the primary cuts in D2 exactly flanked a 0.3-kb hypervariable subdomain (D2c), allowing excision of the latter. The implication of hypervariable rRNA domains in apoptosis represents the first association of any functional process with these enigmatic parts of the ribosomes.
Apoptosis is a suicide-like process that requires the active participation of the dying cell and occurs physiologically during development and tissue remodelling (45) . Demands for apoptosis would be expected to increase during phylogeny as organisms become more complex and long-lived, but apoptosis also occurs in primitive organisms like Caenorhabditis elegans (11) . Morphological hallmarks of cellular apoptosis are chromatin condensation, cell shrinkage accompanied by organelle rearrangements, and surface blebbings leading to cell fragmentation (5, 54) . Considerable efforts have led to the pinpointing of gene products induced during preapoptosis (37, 45) , but the basic machinery required to execute apoptosis is present in most cells and does not require gene transcription (2, 9, 39) . In fact, the first recognized and still the most consistently found biochemical aberration in mammalian cell apoptosis is internucleosomal DNA fragmentation (48) , which also can occur in isolated nuclei from normal cells (34) . The present study focuses on the limited degradation of another abundant polynucleotide (28S rRNA), which recently has been reported to be degraded in cyclic AMP (cAMP)-induced apoptosis of a rat promyelocytic leukemia cell line (21) and in radiation-induced death of human lymphocytes (10) .
One major aim of the present study was to find whether 28S rRNA fragmentation occurred generally in apoptotic systems, whether it was dependent on new protein synthesis, and whether it was correlated with a particular apoptotic inducer, with a particular morphology, and with internucleosomal DNA fragmentation. For this purpose, 28S rRNA fragmentation was studied in rat thymocytes treated with glucocorticoids (53) or with the phosphatase inhibitor okadaic acid, which is known to be a general inducer of apoptosis (2) ; in human promyelocytic NB4 cells treated with okadaic acid (23) ; in primary bovine endothelial cells treated with tumor necrosis factor (TNF), cycloheximide (42) , or okadaic acid; and in rat myeloid IPC-81 cells treated with cAMP analogs (27) , the phosphatase inhibitor okadaic acid or calyculin A, or cycloheximide or exposed to a cycle of cooling and heating. The specificity of the apoptotic rRNA fragmentation was ensured by studying RNA fragmentation patterns in models of necrotic cell death (induced by sodium azide, isopropanol, or hypotonic lysis). It was found that specific 28S rRNA fragmentation occurred in one or more types of apoptosis in all of the cell systems mentioned and was always closely linked to internucleosomal DNA fragmentation. 28S rRNA fragmentation also correlated with limited protein degradation but not with any particular morphological subtype of apoptosis.
As a first step towards understanding the mechanism of the apoptosis-associated cuts in 28S rRNA, it was established that they occurred in polysome-associated ribosomes as well as in monosomes. A second step was to probe (by sequencing and extensive hybridizations) the specificity of the cleavage reactions in 28S rRNA from rat leukemia cells treated with cAMP. Two closely spaced cuts occurred in the 3Ј region (between U's 3257 and 3258 and at U's 3288 to 3290 in the D8 domain), and two occurred in the 5Ј region (one at about base 890 and one between A-1192 and U-1193 in the D2 domain). 28S rRNA consists of highly conserved domains as well as so-called divergent domains (D1 to D12). The latter represent RNA which has expanded in both length and diversity during eukaryotic evolution, constituting nearly half of the 28S rRNA in higher eukaryotes (17) . D domains have no known function (17) , being apparently dispensable for protein synthesis (40) . However, a function is suggested by the fact that certain subdo-mains (particularly D2c and D8b) diverge faster during phylogeny than expected from random mutations (16), i.e., that an evolutionary pressure for variation within given frames for secondary structure may exist. Interestingly, the apoptosis-associated cuts in rat and human leukemia cells and rat thymocytes were mapped to subdomains D2c and D8b.
To determine whether the apoptosis-associated cleavages were due only to general RNase activation, we studied whether cell extracts from apoptotic cells could induce apoptosis-specific cuts in normal ribosomes. Neither such extracts nor selected added RNases could reproduce the apoptosis-specific cuts in D2, both of which occur in regions recently shown to be inaccessible to chemical modification in the isolated ribosome (18, 20) . These findings indicate the existence of apoptosisassociated changes of ribosome conformation. The significance of concerted cleavage of rRNA and DNA in certain types of apoptosis is discussed here in relation to a possible role in defending the organism against cells harboring potentially harmful DNA or RNA molecules.
MATERIALS AND METHODS
Model systems for apoptosis. Four different model systems for apoptosis were investigated. The major model system was the IPC-81 rat myeloid leukemia cell line, which was carefully cultured at densities of around 6 ϫ 10 5 cells per ml in Dulbecco modified Eagle medium or RPMI supplemented with 8% horse serum (Gibco, Grand Island, N.Y.) (25) . Fulminant apoptotic cell death was observed approximately 3 h after addition of 0.2 mM 8-(4-chlorophenylthio)-cAMP (8-CPT-cAMP) (Sigma, St. Louis, Mo.) to the cultures (27) . For comparison, agents such as cycloheximide, actinomycin D, 7-deaza-adenosine (tubercidine), and the phosphatase inhibitor calyculin A were used as cell death inducers. Cells were also killed by heat shock or cold shock or by generally toxic agents such as isopropanol, sodium azide, and hydrogen peroxide. Cell death of the human promyelocytic NB4 leukemia cell line was also investigated (26) . The cells became apoptotic approximately 6 h after addition of a 316 nM concentration of the phosphatase inhibitor okadaic acid (Calbiochem, La Jolla, Calif.) to the cultures. The third model system was rat thymocytes, prepared from male Sprague-Dawley rats as described previously (46) . In this case cell death was induced by adding 10 M 6␣-methylprednisolone 21-hemisuccinate (Sigma) to thymocyte primary cultures (53) . The fourth model system was primary bovine aortic endothelial cells, which were prepared and cultured as described previously (42) . Apoptosis was usually induced after addition of recombinant human TNF (30 ng/ml) combined with cycloheximide (2 g/ml) to the cell cultures and could be only partly inhibited by the protease inhibitor calpain inhibitor I (25 M) (Boehringer). In addition, cell death was induced in all of these in vitro model systems by adding 1 M (or less) phosphatase inhibitor okadaic acid to the cultures. Okadaic acid, given at optimal concentrations, can induce apoptotic changes in most cell types (2) .
During experiments, the morphology of the cells was assessed by ordinary light microscopy (Zeiss Axiovert microscope). As previously described (2), cells were also processed for electron microscopy after being mixed with 9 volumes of prewarmed (37ЊC) glutaraldehyde (1.5%, vol/vol) in 0.1 M Na cacodylate buffer (pH 7.4).
Preparation and analysis of RNA and DNA. Total RNA was prepared from cell cultures by the acid guanidinium thiocyanate (GTC)-phenol-chloroform extraction method (4) . Cells were immediately lysed in 25 mM sodium citrate buffer (pH 7) containing 4 M GTC, 0.5% (wt/vol) sodium lauroyl sarcosine, and 1% 2-mercaptoethanol. This was done either by dissolving cell pellets in GTC solution (for IPC-81 cells, NB4 cells, and thymocytes) or by lysing cell monolayers directly in GTC solution (for endothelial cells). Denaturing gel electrophoresis of RNA and capillary blotting of RNA onto nylon membranes (Northern blotting) were done as previously described (22) . DNA was prepared and electrophoresed by standard procedures (43) .
Oligodeoxynucleotides complementary to various regions of rat 28S rRNA were 5Ј end labeled with 32 P by using polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP (43) and used as probes for Northern blot hybridizations. The oligodeoxynucleotides used and their sequences are given in Table 1 . The RNA blots were prehybridized and hybridized at 60ЊC in 0.5 M sodium phosphate buffer (pH 7.2) containing 7% sodium dodecyl sulfate, 1 mM EDTA, and 0.1 mg of sheared and denatured herring sperm DNA per ml. The filters were washed once in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature (200 ml per filter) and then at high stringency in 0.2ϫ SSC at 50ЊC for 30 min (200 ml per filter). Autoradiography was usually done without intensifying screens at room temperature.
For semiquantitative evaluation of band intensities, negative photographs of the ethidium-bromide stained gels (with Polaroid 665 positive/negative film) were scanned with an LKB UltroScan laser densitometer. For calculation of the degree of 28S rRNA fragmentation, the amount of intact 28S rRNA relative to that of the 18S rRNA was measured. The extent of DNA fragmentation was measured as described previously (15) , and the density plot for each lane was integrated with an MOP-AM03 integrator (Kontron Messgeräte, Munich, Germany). For bovine endothelial cells the extent of DNA fragmentation was also measured as the nonprecipitable fraction of labeled DNA, as previously described (42) .
Preparation of cell lysates and ribosomal fractions. IPC-81 cells (8 ϫ 10 7 to 10 ϫ 10 7 ) were spun down, washed twice in ice-cold phosphate-buffered saline, and resuspended in 1 ml of ice-cold lysis buffer (15 mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid] [pH 7.6], 2.3 mM MgCl 2 , 120 mM KCl). The cell suspension was passed 20 times through an ice-cold cell homogenizer (a metal cylinder with an internal diameter of 8.020 mm containing a metal bead with a diameter of 8.006 mm). The homogenate was spun at 6,600 ϫ g for 5 min at 4ЊC, the supernatant was spun at 25,000 ϫ g for 10 min at 4ЊC, and the final supernatant was aliquoted and either used immediately or frozen in liquid nitrogen. This lysate supported in vitro protein synthesis with endogenous mRNA as the template. When the lysate was supplied with energy (0.5 mM ATP, 0.1 mM GTP, 7 mM creatine phosphate, and 1 mg of creatine kinase [Boehringer] per 2052 HOUGE ET AL. MOL. CELL. BIOL. ml), the protein synthesis proceeded at a linear rate for up to 60 min at 30ЊC (data not shown). Polysomes were isolated as follows Cellular lysate (0.7 ml, corresponding to ϳ5 ϫ 10 7 cells) was overlaid on a 12-ml linear 12 to 40% sucrose gradient in 20 mM Tris Cl (pH 7.5)-120 mM KCl-7.5 mM MgSO 4 . After centrifugation in a Beckman SW40 rotor (39,000 rpm for 75 min at 4ЊC), the gradients were harvested from the bottom by using a peristaltic pump, and the A 260 was monitored with a 10-mm flowthrough cuvette. Polysomes and monosomes were pooled separately. Oligopolysomes containing fewer than three 80S subunits were not included in the polysomal fraction used for RNA preparation in order to avoid monosomal contamination.
Primer extension analysis of rRNA. 28S rRNA was sequenced directly by using avian myeloblastosis virus reverse transcriptase and oligodeoxynucleotide primers on the basis of established procedures (1, 30) . Briefly, 6 g of RNA was annealed with 2 pmol of 5Ј-32 P-labeled or, alternatively, 12 pmol of unlabeled primer in 30 mM Tris Cl (pH 7.5)-50 mM KCl in a total volume of 10 l. Annealing was done in a PCR machine (MiniCycler; MJ Research, Watertown, Mass.) with the following temperatures: 95ЊC for 2 min, 56ЊC for 1 min, and then a gradual decrease of 1ЊC/45 s to 40ЊC. At this point, 4.4 l of 5ϫ avian myeloblastosis virus reverse transcriptase buffer (Promega), followed by 3.6 l of ␣-35 S-dCTP (in the case of cold primers) and 1 l (23 U) of avian myeloblastosis virus reverse transcriptase (Promega), was added. The final volume was adjusted to 22 l with H 2 O. After a brief centrifugation, 4 l of this mixture was added to five prewarmed (40ЊC) deoxy/dideoxy sequencing mix tubes containing 4 l of A mix, C mix, G mix, T mix, and N mix, respectively. These mixtures were made in 1ϫ reverse transcriptase buffer (62.5 mM Tris Cl [pH 8.4], 12.5 mM MgCl 2 , 2.5 mM dithiothreitol) and contained a 10 M ddNTP-50 M dNTP mixture (where N is A, C, G, or T) and the other nucleotides at 200 M each. The N mix was without dideoxynucleotides. When the 3Ј end of D2 was sequenced, the primer 3ЈD2 or 5ЈD3 was used (Table 1) , and when the 3Ј end of D8 was sequenced, the primer 5ЈTAGTCCGCACCAGTTCTAA3Ј was used. These primers correspond to the conserved 3Ј flanking regions of D2 and D8, respectively. The products of the sequencing reactions were separated in a 0.2-mm 6 or 10% polyacrylamideurea gel by using Pharmacia's Macrophor sequencing system. S1 nuclease protection assay. Total RNA (5 g) from control IPC-81 cells or apoptotic IPC-81 cells was annealed with 1 pmol of each 5Ј-32 P-labeled oligodeoxynucleotide (D2c-5Ј and D8-5Јint [ Table 1 ]) in 1ϫ S1 hybridization solution (166 mM HEPES [pH 7.5], 1M NaCl, 0.33 mM EDTA), with the total volume being 30 l. The annealing was done at 65ЊC overnight after the mixture was briefly warmed to 90ЊC (2 min). Thereafter, 270 l of S1 nuclease mixture (50 mM Na-acetate [pH 4.5], 280 mM NaCl, 4.5 mM ZnSO 4 , 17 ng of denatured herring sperm DNA per l, and 0.67 U of S1 nuclease per l) (Boehringer) was added to the reaction mixtures. After incubation at 37ЊC for 45 min, the protected DNA-RNA hybrids were precipitated on dry ice by adding 3 l of 0.5 M EDTA (pH 8), 1 l of 10-mg/ml tRNA (Sigma), and 700 l of ethanol to the reaction mixtures. After centrifugation (50,000 ϫ g for 15 min at 4ЊC), the radioactive pellet was washed once with ice-cold 70% ethanol, dried, and dissolved at 0ЊC in 10 l of 100 mM NaOH. A sample aliquot (3 l) was mixed with an equal volume of loading buffer, denatured at 90ЊC, and immediately loaded on a 10% polyacrylamide-urea sequencing gel. Induction of rRNA degradation by endogenous or exogenous RNase activity. Degradation of IPC-81 cell RNA was induced by three different approaches. First, pellets of IPC-81 cells were frozen in liquid nitrogen, thawed, and incubated at 37ЊC for up to 150 min. This was done to obtain membrane dysfunction reminiscent of cellular necrosis. Second, an IPC-81 cell lysate, prepared as indicated above, was incubated with or without added RNase T 1 , Bacillus cereus RNase, or RNase U 2 (all at 0.5 U/100 l of lysate and obtained from Pharmacia, Uppsala, Sweden) for various periods of time. In some cases 1 mM ATP, 7 mM creatine phosphate, and 1 mg of creatine kinase per ml were added to the lysates as energy suppliers. Third, a cell lysate was obtained by quickly forcing the cells from a high-pressure chamber equilibrated with nitrogen at 600 lb/in 2 to atmospheric pressure. Preparation of a high-speed supernatant from this lysate was done as described above. The lysate prepared by this last procedure had a higher intrinsic RNase activity than the lysate prepared by the other procedures (probably because of some lysosomal breakage) and was unable to support protein synthesis at a linear rate for more than 10 to 15 min at 30ЊC.
RESULTS
Specific 28S rRNA cleavage was closely correlated with apoptotic internucleosomal DNA fragmentation irrespective of cell type and apoptosis-inducing agent. Total RNA was prepared from a human promyelocytic leukemia cell line (NB4) treated with the protein phosphatase inhibitor okadaic acid, which recently has been shown to induce apoptotic cell death with internucleosomal DNA fragmentation in this cell type (23) . Upon denaturing RNA gel electrophoresis, the band of intact 28S rRNA was diminished and novel distinct bands hybridizing with 28S rRNA probes appeared (Fig. 1 , left panel). In contrast, 18S rRNA appeared to be intact, with no small bands hybridizing with 18S rRNA probes (data not shown).
Rat thymocytes represent another well-recognized model system for apoptosis, and internucleosomal DNA fragmentation was first described as a feature of apoptosis in such cells treated with the glucocorticoid prednisolone (54). Limited 28S rRNA fragmentation similar to that in NB4 cells was observed in rat thymocytes treated with either prednisolone or okadaic acid (Fig. 1) . In both experimental systems the onset of 28S rRNA fragmentation coincided with the onset of internucleosomal DNA fragmentation and morphological indices of apoptosis (not shown). In order to compare more closely the fragments in rat thymocytes and human leukemia cells, the RNA filters were hybridized with a number of probes (Table 1) spanning most of the rat 28S rRNA sequence and (with the exception of the D2c-middle and D8b-extr. probes) representing regions with a reasonably high level of homology between rats and humans. Selected hybridizations are shown for NB4 cells ( band from the apoptotic rat cells (Fig. 1) . It is concluded that the apoptosis-associated rRNA cleavage was remarkably similar in all three apoptotic cell systems, suggesting that it was not a random occurrence. We have reported that the polysome chain termination inhibitor cycloheximide protected against cAMP-induced rRNA fragmentation in IPC-81 cells (21) , raising the possibility that rRNA in polysomes was protected against fragmentation or that protein synthesis was required for the cleavage. One way to test such a hypothesis was to compare the 28S rRNA fragmentation in polysome-derived and monosome-derived RNAs (Fig. 2) . Bovine endothelial cells offered another possibility to test the hypothesis, since the TNF-induced apoptosis is strongly enhanced by cycloheximide in such cells (41, 42) . Polysome-associated 28S rRNA from cAMP-treated IPC-81 cells did show characteristic fragmentation, albeit to a lesser extent than rRNA from monosomes (Fig. 2) , suggesting that even polysome-associated rRNA was susceptible to apoptosis-associated cleavage. Furthermore, 28S rRNA became extensively fragmented in endothelial cells undergoing apoptosis in response to TNF and cycloheximide (Fig. 3) . This indicates that protein synthesis is not required for rRNA cleavage. Also, in endothelial cells the cleavage was limited and discrete rRNA bands were formed. The fragments formed after cleavage in the D8 domain corresponded to those found in the other cell systems studied, but cleavage of the D6 domain was unique to the bovine endothelial cells. Since bovine 28S rRNA has not been sequenced, an accurate probing of cleavage sites could not be performed, but it is of interest that the D2, D6, and D8 domains all have particularly variable nucleotide sequences (16, 35) .
Having demonstrated 28S-specific, limited rRNA fragmentation in all apoptotic systems studied, we considered it important to know in detail the temporal correlation between the appearance of apoptotic morphology, internucleosomal DNA fragmentation, and 28S rRNA fragmentation. For this, cAMPtreated IPC-81 cells and TNF-and cycloheximide-treated endothelial cells were chosen because these cells undergo particularly severe forms of apoptosis with easily scored cell fragmentation and extensive DNA fragmentation (27, 42) . The amount of intact 28S rRNA was estimated from laser scans of ethidium bromide-stained gels and related to the amount of 18S rRNA, which remained stable. There was a close correla- Total DNA was separated on a 1.5% agarose gel that was stained with ethidium bromide (top panel), or total RNA was separated on a denaturing 1.5% formaldehyde-agarose gel, blotted, and hybridized with the 3Ј28S probe (middle panel). The RNA was prepared from the same cells as the DNA, but unfortunately the RNA yields from these cells tended to be low, resulting in somewhat unequal loading of the lanes. Note the lowermost band arising from a secondary cut 3Ј to the D8 region. The extents of DNA (squares), 28S rRNA (circles), and cellular (triangles) fragmentation were estimated in two parallel experiments, and the mean values are plotted versus time in the bottom panel. Fig. 4 and 5) , all of which obeyed first-order kinetics, albeit with different rate constants, in the rat leukemia system (Fig.  4B ). The first morphologically apoptotic leukemia cells started to appear 15 to 20 min before the commencement of DNA and 28S rRNA fragmentations (Fig. 4B) . It is concluded that polynucleotide fragmentations were parts of the execution of the apoptotic process rather than activators of apoptosis. IPC-81 rat leukemia cells were found to undergo apoptosis with widely different morphologies and variable degrees of internucleosomal DNA cleavage in response to okadaic acid, cycloheximide, 7-deaza-adenosine, and transient cooling. As shown in Table 2 , okadaic acid and 7-deaza-adenosine caused a rather inconspicious apoptotic morphology with little cell fragmentation but considerable DNA fragmentation, whereas transient cooling caused extensive cell fragmentation but less DNA fragmentation. In all of these cases the extents of fragmentation of 28S rRNA and of DNA were correlated. Such correlation was also observed when various agents were used to induce apoptosis in a human leukemia cell line and in bovine endothelial cells. On the other hand, there was less correlation between the extent of apoptotic morphological changes and polynucleotide fragmentation ( Table 2 ). This conclusion was further supported by experiments using the protease inhibitor calpain inhibitor I, which caused only a moderate decrease in the number of morphologically apoptotic cells but efficiently inhibited both DNA and rRNA fragmentation in TNF-and cycloheximide-treated endothelial cells (Table 2) .
A final test of the genuine apoptotic nature of the observed 28S rRNA fragmentation was to see if it occurred in nonapoptotic cell death, which was induced in IPC-81 cells by 0.1% hydrogen peroxide, 2% sodium azide, or 50 nM calyculin A. In none of these cases was the cleavage pattern typical of apoptosis observed (Table 2) .
Fine mapping of the D8 and D2 cleavage sites of 28S rRNA in cAMP-induced IPC-81 apoptosis. In order to start exploring the mechanisms underlying cleavage of D2 and D8, the positions of the cleavage sites had to be determined more exactly. To this end, three approaches were used. First, careful rRNA fragments size determinations were done with IPC-81 rRNA (Fig. 2) , and the fragments were probed with oligonucleotides presumed to be in the vicinity of the cuts (Table 1) . Second, the 3Ј cleavage sites in D2 and D8 were determined by primer extension analysis with total RNA from apoptotic IPC-81 cells. Third, S1 nuclease protection was tried to determine the 5Ј cleavage site in D2 more exactly.
The 28S rRNA fragment sizes were determined in conventional 1.5% denaturing agarose gels containing 6.7% formaldehyde (Fig. 2) and in 2.6% polyacrylamide-7 M urea gels (not shown), using as standards rRNA (23S and 16S rRNAs from Escherichia coli) and non-rRNA molecular weight markers. There was a general tendency of rRNA to migrate faster than expected from the molecular length, probably because of the rRNA secondary structure being partially resistant to complete denaturation in 7 M urea or 6.7% formaldehyde. This was particularly evident when the migration of 23S rRNA (2.9 kb) was compared with an RNA ladder made from SP6/T7 polymerase on linearized plasmids (the positions of these markers are indicated in Fig. 2) .
For a more precise estimation of fragments smaller than 18S rRNA, vertical polyacrylamide-urea gels were run (data not shown). The sharp 28S rRNA-derived bands that could be seen on these gels indicated that the apoptosis-related cuts in 28S rRNA were not followed by random secondary exonuclease degradation. It should be noted that the 1.5-kb 3ЈD8 band (Fig.  2) formed a finely separated doublet on the polyacrylamideurea gel. It thus appeared that D8 could be cut at two closely spaced locations separated by a maximum of 50 bases.
For the exact determination of these cleavage sites, primer extension analysis was performed with normal rRNA and fragmented rRNA having a mixture of primary D8 cuts and primary D2 cuts (Fig. 6) . The most 3Ј cut in D8 was in a UUUcontaining bulge loop in hairpin loop D8b (Fig. 7C) . The slight size heterogeneity of the 3Ј fragment (Fig. 6 ) indicated either that this bulge loop was exposed to random endonuclease activity or that an inter-U cut was followed by exonucleolytic degradation of the remaining bulge loop. A second cut in D8b was more precisely located between two U's in a bulge loop 27 nucleotides upstream. The cuts in D8 were thus separated by 31 nucleotides, accounting for the double 3ЈD8 band described above. Hybridization data obtained with the probes D8b-extr. and D8-3Јint (Table 1 ) also limited the cuts in D8 to a maximally 0.11-kb-long region in the descending strand of D8b. The accumulation of a 1.5-kb 3ЈD8 fragment in situations with dominant primary D2 cleavage (21) indicated that D8 was also cleaved secondarily to primary D2 cleavage. Whether the two cleavage sites in D8 represent primary or secondary cleavage sites is not known. Similar primer extension analyses were done to find the most 3Ј cut in D2 (Fig. 8) . A precise cut was found between an A and a U that separates helix H1 from H2 (Fig. 7B ) (for nomenclature for D2, see reference 32). The results obtained by hybridization with the probes D2-3Јint and 3ЈD2 (Table 1) were in agreement with this cut being a primary cut in the 3Ј end of D2.
The most 5Ј primary cut in D2 proved more difficult to find by primer extension. However, the size difference between the two 3Ј fragments arising from the double cut in D2 (3ЈD2b and 3ЈD2c) (Fig. 7A ) was estimated to be 0.3 kb, and the fragment 5Ј to 3ЈD2b was about 0.9 kb. This placed the 5Ј cut in D2 at or close to the bulge loop constituting the D2b-D2c junction, i.e., between subdomains D2b and D2c (Fig. 7B) . To check the validity of this assumption, an oligonucleotide (D2c-5Ј) complementary to this bulge loop region was used in an S1 nuclease protection assay and for probing Northern blots (Table 1 and Fig. 8) . A faint additional 19-nucleotide fragment appeared to be protected when S1 nuclease assays were done with fragmented 28S rRNA annealed with 5Ј-32 P-labeled D2c-5Ј (data not shown), suggesting that the 5Ј cut in D2 was in the middle of the bulge loop between D2b and D2c (Fig.  7B) . Similar bands were detected, although at lower levels, when the reaction was done with control RNA. However, hybridizations confirmed that the 5ЈD2 cleavage site was in the suspected bulge loop, because the D2c-5Ј oligonucleotide recognized both the 5ЈD2 and the 3ЈD2b fragments (Fig. 8, left  panel) .
Interestingly, a cleavage site was also detected inside D2c ( Fig. 8; cut A in Fig. 7B ). Because there is no intermediate band between the two primary 3ЈD2 bands (3ЈD2b and 3ЈD2c; see above), this cut must be secondary to primary cleavage in D8. Such a cut should also give rise to secondary 5ЈD2 bands, and such bands have indeed been found ( Fig. 1 and 2 ). Taken together, these results indicate that the 5ЈD8 fragment is cleaved in D2 secondarily to primary cleavage in D8 but that this secondary D2 cleavage site is inside D2c, while the primary D2 cleavage sites are flanking the D2c subdomain.
rRNA cleavage patterns obtained by RNase activity in permeabilized cells or cellular lysates. It was important to determine if these regions in D2 and D8 were targets for rRNA cleavage not only in apoptosis but also during 28S rRNA degradation caused by normal rRNA turnover or artificially increased RNase activity. Accordingly, degradation of rRNA was induced in IPC-81 cells and cell lysates (see Materials and Methods for a detailed description of the various approaches). In both cases 28S and 18S rRNAs were degraded to similar extents (Fig. 9) . Degradation of 28S rRNA tended to start at hot spots in and just 3Ј to the D8 region. Cuts here gave two major 5Ј28S bands and three major 3Ј28S bands. Size comparisons showed that the distal cut(s) in D8 had to be in the vicinity of the D8 cuts described above (see bottom right panel of Fig. 9 for a direct comparison of apoptosis-and degradation-induced 5ЈD8 fragments). Notably, no primary or early secondary cuts in D2 or D6 were induced by endogenous RNase activation.
Cell lysates were also exposed to RNases having different nucleotide specificities in order to test whether apoptotic fragmentation patterns could be obtained. However, when degradation of 28S rRNA was seen, it appeared as extensive smearing of both 28S and 18S rRNAs. Cutting limited to only certain sites or regions was not obtained (data not shown).
Finally, it should be noted that the bands created by normal 28S rRNA turnover ( Fig. 1 and 2 and data not shown) were not FIG. 6 . Primer extension analysis of the 3Ј end of the D8 domain. Primer extensions done with RNA isolated from normal and apoptotic IPC-81 cells were compared. Note the many unspecified terminations, which are also found in the lanes showing reactions done without dideoxynucleotides. However, a clear difference between control rRNA and fragmented rRNA was found in two locations (arrowheads). For comparison, the published genomic rat D8 sequence is indicated on the right (3).
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DISCUSSION
The present study has demonstrated limited cleavage restricted to a few of the D domains of 28S rRNA during apoptotic death in several cell types and in response to a number of different apoptotic induces. Similar rRNA fragmentation could not be induced during necrosis-like processes (Table 2) , by exposing intact ribosomes to RNase activity in the presence or absence of added energy (Fig. 9 and Table 2 ), or during normal ribosomal turnover ( Fig. 1 and 2 and data not shown) . The discrete nature of the observed cleavages argues against generally increased RNase activity or random polynucleotide degradation as the explanation for apoptotic rRNA fragmentation. Another argument is that the regions cleaved in the D2 subdomain are known to be inaccessible to chemical modification in the intact ribosome (18, 20) , suggesting that the ribosome conformation is changed during apoptosis in such a way as to expose these D2c regions to RNase. We believe that 28S rRNA fragmentation is an example of the limited, selective, and controlled macromolecular degradation characteristic of apoptotic cells before secondary necrosis occurs (23, 24, 36) .
The order of the two apoptosis-associated cuts in D2 was not random. The fact that a 1.2-kb 5ЈD2 fragment was never detected (only a 0.9-kb fragment was detected [ Fig. 1, 2, and 8]) indicates that the 3Ј cut in D2 probably was secondary to the 5Ј cut and maybe was dependent on conformational changes of rRNA induced by the 5ЈD2 cut. The double cutting in D2 might lead to excision of the hypervariable 0.3-kb D2c subdomain from the ribosome. Probing for the 0.3-kb D2c fragment in rRNA or total RNA from cells with extensive D2 cleavage revealed about 10% of the amount expected if all of the 0.3-kb D2c fragment had remained intact. This means that the fragment became short-lived after excision. Interestingly, cleavage in D8 caused secondary cleavage in the middle of the D2c subdomain (Fig. 8) , thus hindering such excision of a complete D2c fragment. The fact that D2 can be differentially cleaved depending upon (primary) cleavage in D8 makes a direct structural interaction between D2 and D8 more likely. This supports the hypothesis that the coevolution of the D2 and D8 domains with respect to both size and GC content reflects a functional link between these two major ribosomal variable regions (35) . In all cases the fragmentation patterns obtained were reproduced when the same cells were exposed to okadaic acid (data not shown), an inducer of apoptosis in several experimental systems (2) . This indicates that it is the cell type and Table 1 ). The major 28S rRNA fragmentation bands in IPC-81 cells are indicated at the bottom. (B) Schematic drawing of the D2c subdomain showing the cleavage sites. The primary cleavage sites are numbered (1 and 2), and a secondary cleavage site is marked A. The small arrow between the CC and GG in cleavage site 1 marks the cleavage position suggested by the S1 nuclease protection analysis. The proposed secondary structure of the complete D2 domain is shown in the box (35) . Arrows orient the sequence in the 5Ј-to-3Ј direction. (C) Schematic drawing of the D8b subdomain showing the apoptotic cleavage sites (numbered 3 and 4). The proposed secondary structure of the complete D8 domain is in the box (35) . Arrows orient the sequence in the 5Ј-to-3Ј direction. The circled U was not included in the published genomic rat 28S rRNA sequence (3), but a U in this position was found in human 28S rRNA (30, 35) . The two bases in lowercase letters indicate nucleotides in the genomic rat sequence that were not found in IPC-81 rRNA.
not the agent causing apoptosis that determines the 28S rRNA fragmentation pattern.
Cuts in or close to the D8 region were also seen during rRNA degradation caused by necrosis-like processes or by cellular disintegration and in cell lysates ( Fig. 9 and Table 2 ). In studies of ribosomal degradation in cell extracts supplemented with ppp(A2Јp) 3 A, a ligand activating RNase L, cleavage of 28S rRNA gave rise to at least some bands with sizes reminiscent of 5ЈD8 and 3ЈD8 fragments (47, 52) . Thus, the D8 region seems to be exposed to attacks by intracellular RNase activity. Recently it was found that several D domains in Drosophila melanogaster (D1 to D3, D6, D7b, D8 to D10, and D12) were partly accessible to chemical modification when intact ribosomes were exposed to EDTA-Fe(II), while the conserved parts of the 28S rRNA remained largely unaffected (18) . Similar observations were made with mouse 28S rRNA, in which the U's corresponding to the U's involved in apoptotic D8 cleavage (Fig. 7C) were highly accessible to chemical modification (20) . In addition, the 3Ј bulge loop that is cleaved in D8 has been found to be prone to RNase T 2 digestion in studies done with in vitro-transcribed human D8b regions (30) . Apparently, in the D8b tertiary structure this bulge loop is accessible to RNases (30) , and the D8 region itself is exposed on the ribosomal surface (18, 20) . When the apoptotic D8 cleavage sites are compared, the consensus sequence is GCGGU ê U(U)CCC. The presence of U residues in both D8 cleavage sites makes activated RNase L a candidate for causing cleavage, even though RNase L prefers to cleave after UpN and not GpU doublets, at least in vitro (14) .
The cuts in D2 were not in bulge loops but rather in singlestranded regions forming junctions of at least three large hairpin loops (Fig. 7B) . Unlike the case with the cuts in D8, no consensus sequence for cleavage could be found. It is tempting to compare these junctional regions with the structure of hammerhead ribozymes, in which the catalytic core also is at the branching point of three hairpin loops (38) . Interestingly, a break between the stems H2 and H1 in D2 (Fig. 7B) , two nucleotides 3Ј to the break found in apoptosis, was a constant finding in the large subunit rRNA molecule of the dinoflagellate Procrocentrum micans (31) . Autocatalytic or RNA-catalyzed cleavage, triggered by a change in RNA tertiary structure, is certainly a possibility that must be kept in mind in these cases, espesially since the apoptotic D2c cleavage sites appear to be protected within the ribosome (18, 20) .
The 28S rRNA divergent domains have neither a known evolutionary origin nor any known functions (13) , and they have evolved within strict frames for secondary, but not primary, structure (19) . The D2, D6, and D8 domains, which were implicated in apoptosis ( Fig. 1 to 3) , typically show large expansions only in the 28S rRNAs of higher eukaryotes (19) . Experiments demonstrating that artificially induced 28S rRNA degradation gives bands distinct from apoptotic 28S rRNA fragmentation bands. Gels (left panels) and autoradiographs of a Northern blot (middle and right panels) from RNA prepared from IPC-81 cells after freeze-thawing (top) or from an IPC-81 derived cellular lysate (bottom) are shown. Incubation times are indicated above the lanes. It should be noted that the lysates used in the left bottom panels were prepared in a way that gave a rather high level of endogenous RNase activity, while the lysates used in the right bottom panel were prepared to work optimally for in vitro protein synthesis (see Materials and Methods for details). The blots were hybridized with oligonucleotide probes for a crude classification of the major 28S rRNA degradation bands (marked). The region around D8 appears to be prone to RNase digestion as indicated by the multitude of small bands detected by the D8-3Јint probe (left bottom panels). Note that the 28S rRNA fragmentation bands (marked with arrows; see right bottom panel, which also shows RNA prepared from apoptotic IPC-81 cells) are distinct from the degradation bands.
Their great intraspecies variation makes them not only variable but hypervariable, and it would not be surprising if the ribosomal divergent domains have adopted functions of increasing importance in species of highly evolved complexity that are not directly related to the task of synthesizing proteins.
The observed rRNA fragmentation either could be significant for the apoptotic process itself or could serve some other purpose in the organism harboring the dying cell. An early ricin-like effect on rRNA leading to strand breaks later was unlikely because aniline treatment of rRNA (12) from late preapoptotic cells did not give rise to any 28S rRNA fragments (data not shown). In all systems studied the specific rRNA fragmentation coincided with internucleosomal DNA fragmentation, with both processes occuring simultaneously with or slightly after morphological signs of apoptosis ( Fig. 4 and 5 ; Table 2 ). This suggests that concerted polynucleotide cleavage was a feature of the apoptotic process but not part of the mechanism activating apoptosis. There was no clear correlation between morphological type of apoptosis and polynucleotide cleavage, but there was a close covariation in extents of 28S rRNA fragmentation and internucleosomal DNA fragmentation ( Fig. 4 and 5 ; Table 2 ). The functional significance of internucleosomal DNA fragmentation is still not clear; digestion of DNA to facilitate disposal of apoptotic cells as well as protection against illegitimate, potentially harmful DNA has been proposed (6, 50) . One possibility is that DNA fragmentation is coincidental, since it easily can be triggered in isolated nuclei (49) . However, the observed correlation between internucleosomal DNA fragmentation and highly specific and nonrandom cleavage of 28S rRNA (Fig. 4 to 8 ) supports a role for DNA fragmentation in apoptosis, since the cuts observed in 28S rRNA could not be reproduced in isolated lysates, even when an energy source was supplied (Fig. 9) . We propose that concerted polynucleotide cleavage is a feature which is prominent in some forms of apoptosis and that its function can be to protect neighboring cells from illegitimate polynucleotides otherwise released from the dying cell. Obvious targets for destruction are RNA or DNA of viral origin, it being reasonable that dying virus-infected cells have evolved a system designed to inactivate viral polynucleotides (7, 8, 33, 50, 51) . Since resistance (or tolerance) to a given virus can be selected for (28) , it would be expected that a system must exist which is subject to (random) variation, analogous to variable parts of the antibodies. The ribosomal divergent domains, showing extensive intra-and interspecies variation (16, 30, 35) , could constitute such a flexible intracellular viral defense system. It is intriguing that the cytokine TNF is both an antiviral molecule (51) and an efficient inducer of 28S rRNA fragmentation ( Fig. 3 and 5) . Furthermore, the double-stranded-RNA-activated protein kinase (p68 kinase), a ribosome-associated kinase related to the interferon-stimulated viral defense system (44), can stimulate apoptosis (29) . The finding that 2-aminopurine, an crude inhibitor of double-stranded RNA kinase and interferon-stimulated gene expression, efficiently inhibits cAMP-induced apoptosis of IPC-81 cells when present at above 5 mM in the growth medium (data not shown) suggests that p68 kinase activation could be a necessary component in a cAMP-triggered apoptotic pathway as well. Taken together, these findings suggest the idea that apoptosis developed as an antiviral defense before adaptive immunity arose in evolution (7, 8, 33) .
In conclusion, 28S rRNA fragmentation should be added to the list of parameters to be considered when studying apoptosis, and a role for ribosomal D domains in apoptosis is suggested.
